Humans with the disorder episodic ataxia type 2 (EA2) and the tottering mouse mutant exhibit episodic attacks induced by emotional and chemical stress. Both the human and mouse disorders result from mutations in CACNA1A, the gene encoding the ␣ 1 2.1 subunit of Ca v 2.1 voltage-gated calcium channels. These mutations predict reduced calcium currents, particularly in cerebellar Purkinje cells, where these channels are most abundant. 4-Aminopyridine (4-AP), a nonselective blocker of K v voltage-gated potassium channels, alleviates attacks of ataxia in EA2 patients. To test the specificity of the effect for K v channels, aminopyridine analogs were assessed for their ability to ameliorate attacks of dyskinesia in tottering mice. 4-AP and 3,4-diaminopyridine (3,4-DiAP), which have relatively high affinities for K v channels, reduced the frequency of restraint-and caffeine-induced attacks. Furthermore, microinjection of 3,4-DiAP into the cerebellum completely blocked attacks in tottering mice. Other aminopyridine analogs reduced attack frequency but, consistent with their lower affinities for K v channels, required comparatively higher doses. These results suggest that aminopyridines block tottering mouse attacks via cerebellar K v channels. That both stress-and caffeine-induced attacks were blocked by aminopyridines suggests that these triggers act via similar mechanisms. Although 4-AP and 3,4-DiAP were effective in preventing attacks in tottering mice, these compounds did not affect the severity of "breakthrough" attacks that occurred in the presence of a drug. These results suggest that the aminopyridines increase the threshold for attack initiation without mitigating the character of the attack, indicating that attack initiation is mediated by mechanisms that are independent of the neurological phenotype.
Introduction
Episodic neurological disorders are characterized by attacks of debilitating symptoms interspersed with periods of relatively normal function. Although the symptoms can be diverse, including migraine headache, epilepsy, paralysis, ataxia, and dyskinesia, there are marked similarities in both the genetic etiology and the factors capable of triggering attacks in episodic disorders. Genetic mapping studies demonstrate that many episodic disorders are associated with ion channel mutations (Ptacek et al., 1991 (Ptacek et al., , 1992 (Ptacek et al., , 1994 Ophoff et al., 1996) . Furthermore, regardless of the class of ion channelopathy or the expressed symptomology, the precipitants of attacks are most commonly psychological, physical, or chemical stressors (Ptacek, 1997; Bhatia et al., 2000) , suggesting the existence of a common mechanism for attack initiation that is independent of the neurological phenotype.
Individuals with episodic ataxia type 2 (EA2) and familial hemiplegic migraine (FHM) experience paroxysmal attacks of migraine, ataxia, and other neurological signs that are triggered by emotional stress, exercise, caffeine, or ethanol (Griggs and Nutt, 1995; Gordon, 1998; Battistini et al., 1999; Denier et al., 1999; Jen, 1999; Bhatia et al., 2000; Subramony et al., 2003) . EA2 and FHM are both caused by mutations in the CACNA1A gene, which encodes the pore-forming ␣ 1 2.1 subunit of Ca v 2.1 (P/Qtype) voltage-gated calcium channels (Ophoff et al., 1996) . Functional expression studies of some FHM mutations and all EA2 mutations demonstrate reduced Ca v 2.1 currents (Guida et al., 2001; Jen et al., 2001; Jouvenceau et al., 2001; Wappl et al., 2002; Cao et al., 2004; Spacey et al., 2004) , implicating decreased neuronal excitability in disease pathogenesis. Indeed, 4-aminopyridine (4-AP), a nonselective blocker of the K v family of voltage-gated potassium channels, increases Purkinje cell excitability (Etzion and Grossman, 2001 ) and prevents attacks in patients with EA2 (Strupp et al., 2004) .
The tottering mouse mutant exhibits the common characteristics of human episodic disorders, whereby attacks of dyskinesia are triggered by clinically relevant precipitants such as stress and caffeine (Fureman et al., 2002) . Moreover, the tottering syndrome is also a channelopathy, resulting from a mutation within the gene encoding the ␣ 1 2.1 subunit of the Ca v 2.1 calcium channel (Fletcher et al., 1996) , the same subunit that bears the mutations for FHM and EA2 in humans. Not surprisingly, this mutation also predicts a reduced Ca v 2.1 current density (Wakamori et al., 1998) . The genotypic and phenotypic similarities shared by EA2 patients and tottering mice suggest these mice can be exploited to understand the pathophysiology underlying human channelopathies. By using the aminopyridines, which are effective in treating EA2 (Strupp et al., 2004) , to manipulate tottering mouse attacks, we demonstrate that the most widely reported triggers, stress and caffeine, induce attacks through the same or similar mechanisms but that independent mechanisms likely govern the initiation and maintenance of attacks.
Materials and Methods
Animals. Tottering mice (Cacna1a tg ) on a C57BL/6J background were bred at the Johns Hopkins University. A group of 36 male and female tottering mice (8 -40 weeks of age) was used for each experiment. Attack frequency is comparable across age ( p Ͼ 0.2) and between genders ( p Ͼ 0.2; data not shown). All procedures conformed to the National Institutes of Health Guidelines for the Care and Use of Animals and were approved by the Johns Hopkins University Animal Care and Use Committee.
Drug administration. Drugs were administered subcutaneously at a volume of 10 ml/kg. Aminopyridines were dissolved in 0.9% saline, and if necessary, the pH was adjusted to pH 7.2-7.6 with HCl. Caffeine was prepared in 0.9% saline. Drugs were obtained from Sigma (St. Louis, MO).
Dose-response experiments. The highest doses for each compound were first tested on wild-type mice to assess deleterious side effects such as sedation or seizures. Doses at which these effects were observed were excluded. Tottering mice were transferred from the vivarium to the laboratory at least 3 h before the start of the experiment. For testing, tottering mice were divided into six groups of six animals each and pseudorandomly assigned to one of five drug doses or a saline vehicle group. Mice were injected with drug or saline, followed 10 min later by restraint in a 60 cc syringe for 10 min to induce dyskinesia. After restraint, mice were released into a novel cage for behavioral observation (Campbell and Hess, 1998) . Observers were blinded to dose of drug. Each drug was tested on at least two separate dates, and mice were given at least 1 recovery day between experiments. No mouse received the same dose of drug more than once. Doses were balanced for age and sex within the constraints of pseudorandom dose assignment.
Mice were scored for the presence or absence of an attack every 10 min during the 40 min immediately after release from restraint as a measure of attack frequency. If an attack occurred within the first 40 min after release, the duration of attack was determined using the total number of 10 min intervals for the entire attack up to 120 min, corresponding to the ϳ2 h half-life of 4-aminopyridine in rodents (Capacio et al., 1996) . Tottering mice were also observed for 30 s every 10 min and assigned a disability score, using the following scale [modified from Jinnah et al. (2000) ]: 0 ϭ normal motor behavior; 1 ϭ slightly slowed or abnormal movements; 2 ϭ mild impairment, limited ambulation unless disturbed, transient abnormal postures; 3 ϭ moderate impairment, limited ambulation even when disturbed, frequent abnormal postures; 4 ϭ severe impairment, almost no ambulation, sustained abnormal postures; 5 ϭ prolonged immobility in abnormal postures. The median score for each attack was determined and used for statistical analyses.
Caffeine challenge. One-half of the group of 36 was administered aminopyridine, whereas the other half was administered saline vehicle. Thirty minutes after drug or vehicle pretreatment, all mice were injected with 5 or 15 mg/kg caffeine. Tottering mice were scored as described above. There was at least 1 recovery day between each test day.
Microinjections. For cerebellar microinjections, mice were anesthetized with Avertin, a small incision was made, and a hole was drilled for cannula implantation. A guide cannula (1.5 mm long; Plastics One, Roanoke, VA) was inserted into the midline cerebellum and affixed to the skull using dental cement. The wound was closed with sutures, and mice were allowed to recover for 1 week. Mice were then anesthetized with isoflurane, and the injection needle, which extended 0.5 mm beyond the guide cannula, was inserted. Mice were injected with 0.5 l of 100 M 3,4-diaminopyridine (3,4-DiAP) or saline vehicle into the midline cerebellum. For lateral ventricle microinjections, mice were anesthetized with isoflurane, and 0.5 l of 100 M 3,4-DiAP or saline was delivered into the lateral ventricle (anteroposterior, Ϫ0.5 mm bregma; lateral, 1.25 mm) using a Hamilton syringe with a needle cut to 3 mm. The wound was reapproximated and sealed with Nexaband S/C topical skin closure (Veterinary Products Laboratories, Phoenix, AZ). To verify injection sites, 1:5 v/v of trypan blue (0.4%; Sigma) was added to the 3,4-DiAP or saline. All mice were injected with 5 mg/kg caffeine (subcutaneously) ϳ2 min after microinjection. Mice recovered within 5-10 min and were scored for attacks as above.
Statistical analysis. A logistic regression was used to analyze attack frequency data. The duration of attack was analyzed by ANOVA, and severity was analyzed by Mann-Whitney U test or Kruskal-Wallis test, where appropriate.
Results

Aminopyridines prevent stress-induced attacks
To determine whether 4-AP blocks attacks in tottering mice, similar to patients with EA2, drug effects were first tested on restraint-induced attacks of dyskinesia. At a dose of 1 mg/kg, 4-AP significantly reduced attacks (Fig. 1 A) . Next, two other monoaminopyridine compounds, 2-aminopyridine (2-AP) and 3-aminopyridine (3-AP), were tested for efficacy in similarly reducing the frequency of restraint-induced attacks. Although neither drug completely blocked attacks, both significantly decreased the frequency of attacks at doses Ն2.5 mg/kg ( Fig. 1 B, C) . Several diaminopyridines were also tested for the ability to block restraint-induced attacks. Interestingly, 3,4-DiAP, which is used in the treatment of the Ca v 2.1 calcium channel autoimmune disorder Lambert-Eaton myasthenic syndrome, significantly reduced the frequency of attacks at every dose and eliminated them at the 2.5 and 5 mg/kg doses (Fig. 1 D) . However, 4-dimethylaminopyridine (4-DMAP) (Fig. 1 E) blocked attacks only at 20 mg/kg. 2,6-Diaminopyridine exhibited limited efficacy, and 2,3-diaminopyridine was not at all effective (data not shown).
Aminopyridines block caffeine-induced attacks
To determine whether aminopyridines could also block caffeineinduced attacks of dyskinesia, tottering mice were treated with aminopyridines before caffeine challenge. Like stress, caffeine is a reliable trigger of attacks in tottering mice (Fureman et al., 2002) . Unlike stress levels, the dose of caffeine is easily manipulated to control the frequency of attack. At both 5 and 15 mg/kg caffeine, 5 mg/kg 3,4-DiAP, 1 mg/kg 4-AP, and 20 mg/kg 4-DMAP significantly reduced the frequency of attacks in tottering mice (Table  1 ). All other aminopyridines were ineffective against 5 or 15 mg/kg caffeine.
Aminopyridines do not modify the character of attacks
To determine whether the aminopyridines changed the quality of the attack in addition to reducing the quantity of attacks, the duration and severity of attacks were assessed for all drug doses in which attacks were observed. None of the monoaminopyridines or diaminopyridines changed the duration of stress-induced attacks compared with vehicle-treated tottering mice, even at doses that significantly reduced the frequency of attacks (Fig. 1, line  graphs) . Furthermore, the severity of attacks was remarkably stable, averaging between 3.3 and 3.8, regardless of drug or dose; the 3-4 range represents moderate to somewhat-severe impairment. Although a significant effect was noted for 4-DMAP ( p Ͻ 0.05; Kruskal-Wallis test), this was a result of a decrease in severity only at 5 mg/kg 4-DMAP, and these effects were not consistent over the entire dose range. Overall, despite their ability to block attacks, the aminopyridines did not change the phenotype of "breakthrough" attacks.
Stress-induced attacks in tottering mice are relatively mild; in fact, tottering mice often eat and drink during stress-induced attacks (our unpublished observation). It is possible that stress-induced attacks are already at the floor for attacks, whereby severity and duration are relatively insensitive to pharmacological manipulation. Therefore, caffeine was used as a trigger to provide a broader range to expose drug effects. Whereas stress-induced attacks lasted 38 Ϯ 2 min, caffeine-induced attacks were significantly longer in duration for both 5 mg/kg caffeine (71 Ϯ 3 min) and 15 mg/kg caffeine (92 Ϯ 3 min; ANOVA, post hoc Scheffé test; p Ͻ 0.0001). Furthermore, attacks were significantly shorter when induced by 5 rather than 15 mg/kg caffeine (ANOVA, post hoc Scheffé test; p Ͻ 0.0001). In contrast to stress-induced attacks, 20 mg/kg 4-DMAP significantly reduced the duration but not the severity of caffeine-induced attacks. However, despite the efficacy in inhibiting caffeine-induced attacks, neither 3,4-DiAP nor 4-AP significantly reduced the duration or severity of attacks; that is, once initiated, attacks occurred unmodified.
To further test the notion that the sensitivity to the trigger can be modified independent of the attack phenotype, several doses of 3,4-DiAP, the most effective blocker of caffeine-induced attacks, were tested against 5 and 15 mg/kg caffeine ( Table 2 ). The ability of 3,4-DiAP to inhibit attacks shifted depending on the dose of caffeine and dose of 3,4-DiAP. 3,4-DiAP was clearly more effective against the 5 mg/kg caffeine challenge than the 15 mg/kg challenge, significantly inhibiting attacks with 2.5 and 5 mg/kg 3,4-DiAP. Here again, although 3,4-DiAP dose-dependently reduced the frequency of attacks elicited by both 5 and 15 mg/kg caffeine, it did not modify either the duration (Table 2) or the severity (data not shown) of the caffeine-induced attack. The reduction in the frequency of attacks essentially without a concomitant reduction in the duration of attacks suggests that the aminopyridines increase the threshold for attack initiation without mitigating attack character.
Aminopyridines act in the cerebellum
To localize the effect, 3,4-DiAP, which most effectively blocked attacks when administered peripherally, was microinjected into the tottering mouse cerebellum or lateral ventricle. Then, mice were challenged with 5 mg/kg caffeine to induce attacks. Cerebellar microinjection of 100 M 3,4-DiAP completely blocked caffeine-induced attacks (n ϭ 7). In contrast, five of seven mice exhibited attacks after microinjection of saline into the cerebellum. If 3,4-DiAP microinjected into the cerebellum acted by diffusing to other regions, injections into the lateral ventricle should also block attacks. Administration of 3,4-DiAP into the lateral ventricle was ineffective in blocking caffeine-induced attacks, whereby four of five mice exhibited attacks. This attack frequency was comparable with that of saline control mice (five of six), suggesting that the effect of 3,4-DiAP was specific to the cerebellum.
Discussion
The CACNA1A gene mutations responsible for the EA2 and tottering phenotypes reduce current density from Ca v 2.1 channels (Wakamori et al., 1998; Guida et al., 2001; Jen et al., 2001; Jouvenceau et al., 2001; Wappl et al., 2002; Spacey et al., 2004) , which are expressed abundantly in cerebellar Purkinje and granule cells (Stea et al., 1994; Tanaka et al., 1995; Volsen et al., 1995) . This may result in a general reduction in Purkinje cell firing rates and loss of inhibition at the deep cerebellar nuclei. Therefore, effective treatments might be expected to offset the mutations by increasing overall Purkinje cell excitability. Based on a preliminary report, 4-AP is one of few compounds that effectively blocks attacks in EA2 patients (Strupp et al., 2004) and is effective in other cerebellar disorders as well (Strupp et al., 2003) . Indeed, the therapeutic site of action is likely the cerebellum, because microinjection of 3,4-DiAP into the cerebellum completely blocked attacks in tottering mice. 4-AP and its structural analogs are nonselective blockers of the K v family of voltage-gated potassium channels (Coetzee et al., 1999) . Several in vitro studies demonstrate that aminopyridines block the intracellular opening of K v channels Howe and Ritchie, 1991) . Blockade of these channels prolongs depolarization by preventing the repolarizing effect of K ϩ efflux. Blocking efficacy depends on the position of the amino group around the pyridine moiety, with 3,4-DiAP and 4-AP having the greatest potency Howe and Ritchie, 1991) .
Similar to the reported in vitro pharmacological profiles, the most potent blockers of stress-induced tottering mouse attacks were 3,4-DiAP and 4-AP; both compounds completely eliminated attacks with relatively low doses. In contrast, other aminopyridines, which are weaker bases (Howe and Ritchie, 1991) , required higher doses to reduce attack frequency and never entirely blocked attacks. Our in vivo data are similar to in vitro findings in which the rank order of potency for blocking voltagedependent potassium channels was reported as 3,4-DiAP Ͼ 4-AP Ͼ 3-AP Ͼ 2-AP . Together, these results suggest that the amino group in the fourth position of the pyridine moiety is important for blocking both channels and attacks. The good correspondence between in vitro and in vivo rank order of potency suggests that the effect of the aminopyridines is specific to K v channels and not a result of the spurious action(s) of the compounds at other sites.
Administration of aminopyridines in EA2 patients and tottering mice likely broadens Purkinje cell action potentials as observed in vitro. This would increase overall Purkinje cell excitability (Etzion and Grossman, 2001 ) and thereby restore the inhibitory effects of Purkinje cells on deep cerebellar nuclei. Alternatively, the aminopyridines may be restoring patterns of firing. In acutely prepared slices, dendritic calcium spikes that are generated by Ca v 2.1 channels terminate burst firing in Purkinje cells (Womack and Khodakhah, 2004) . Partial blockade of these channels results in a switch from regular burst firing to tonic firing or irregular bursting (Womack and Khodakhah, 2004) . It is likely that the effect of mutant channels in EA2 and tottering is similar to partial pharmacological blockade, whereby inadequate calcium entry fails to terminate burst firing. In fact, in Purkinje cells, 4-AP shortens the duration of the slowly depolarizing potential, which reduces the latency for Ca 2ϩ spikes (Etzion and Grossman, 2001 ). Thus, blocking K v channels with aminopyridines may alleviate attacks by increasing the open time of Ca v 2.1 channels, allowing appropriate termination of burst firing and producing near-normal patterns of Purkinje cell output to the deep cerebellar nuclei.
Although most aminopyridines tested reduced the frequency of stress-induced attacks in tottering mice, 3,4-DiAP, 4-AP, and 4-DMAP also inhibited caffeine-induced attacks. 3,4-DiAP and 4-AP did not alter the duration of attack, although these drugs were most effective in blocking attacks. This distinction was observed for both stress-and caffeine-induced attacks, suggesting a dissociation between the initiation and maintenance of an attack. Thus, 3,4-DiAP and 4-AP increased the "energy of activation" or threshold for triggering attacks but did not modify the character of attack. The duration of attack was, however, not invariant because caffeine dose-dependently increased duration, whereas 4-DMAP reduced the duration. This is in sharp contrast to the effects of 3,4-DiAP and 4-AP, which affected frequency but not duration. It is interesting to note that, at high concentrations, 4-DMAP has been reported to block synaptic transmission with a much greater potency than 4-AP or 3,4-DiAP (Matsumoto and Riker, 1984) , suggesting that this compound has unique properties that may account for its ability to reduce attack duration. These results suggest that the mechanisms responsible for initiating or triggering the attack are independent of the mechanisms that maintain the attack. Furthermore, that 3,4-DiAP, 4-AP, and 4-DMAP blocked both stress-and caffeine-induced attacks suggests that stress and caffeine trigger attacks through a common pathway that is regulated by neuronal excitability; although it was assumed that the mechanisms were similar, there was previously little evidence to support this notion.
Stress and, to a lesser extent, caffeine are recognized triggers for episodic neurological dysfunction in all channelopathies regardless of the type of ion channel affected or the nature of the attack (Ptacek, 1997; Bhatia et al., 2000) . Our results demonstrate that the trigger is independent of the expression of the attack and that different precipitants appear to operate through a common Values in parentheses represent the number of mice with attacks/the number of mice tested. Each drug was tested concomitantly with a saline pretreatment control group. Asterisks denote significant differences from saline pretreatment as determined by logistic regression for percentage of attacks and ANOVA for duration (*p Ͻ 0.05; **p Ͻ 0.01; ****p Ͻ 0.0001). Severity data are expressed as means Ϯ SEM for ease of presentation. Values in parentheses represent the number of mice with attacks/number of mice tested. Asterisks denote significant differences from saline pretreatment as determined by logistic regression (**p Ͻ 0.01; ****p Ͻ 0.0001). 3,4-DiAP had no effect on duration compared with saline pretreatment. Data for 5 mg/kg 3,4-DiAP also appear in Table 1 . Duration is expressed as mean Ϯ SEM.
path, suggesting that the mechanism(s) underlying the initiation of an attack is similar among triggers and possibly among channelopathies. EA2 patients and tottering mice experience attacks of dyskinesia, which are precipitated by environmental and chemical stressors. In both cases, attacks are associated with mutations that result in a reduction of calcium currents via Ca v 2.1 voltagegated calcium channels. Along with the neurogenetic similarities, our findings suggest that tottering mice may not only serve as a model of EA2, but also a valuable in vivo and in vitro tool for understanding mechanisms of episodic neurological disease in the context of ion channel dysfunction.
